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While chromophore attachment to a-subunits of cyanobacterial biliproteins has been studied in some detail, little is known about this
process in h-subunits. The ones of phycoerythrocyanin and C-phycocyanin each carry two phycocyanobilin (PCB) chromophores covalently
attached to cysteins h84 and h155. The differential nonenzymatic reconstitution of PCB to the apoproteins, PecA, PecB, CpcA and CpcB, as
well as to mutant proteins of the h-subunits lacking either one of the two binding cysteins, was studied using overexpression of the respective
genes. PCB adds selectively to Cys-84 of CpcA, CpcB, PecA, and PecB, but the bound chromophore has a nonnative configuration, and in
the case of CpcA, is partly oxidized to mesobiliverdin (MBV). The oxidation is independent of thiols but can be suppressed by ascorbate. The
addition to Cys-h84 is suppressed in the presence of detergents like Triton X-100, in favor of an addition to Cys-h155 yielding the correctly
bound chromophore. Triton X-100 also inhibits oxidation of the chromophore during addition to CpcA. The effect of Triton X-100 was
studied on the isolated components of the reconstitution system. Absorption, fluorescence and circular dichroism spectra indicate a major
conformational change of the chromophore upon addition of the detergent, which probably controls the site selectivity of the addition
reaction, and inhibits the oxidation of PCB to MBV.
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Phycobilisomes (PBS) serve as light-harvesting antennas
in cyanobacteria and red algae [2–4]. These supramolecular
protein complexes are primarily composed of phycobilipro-
teins, a brilliantly colored and fluorescent family of proteins
bearing covalently attached, open-chain tetrapyrrole chro-
mophores. The protomeric unit of phycobiliproteins from
cyanobacteria is the heterodimer (a,h), where the a-sub-
units carry one to two linear tetrapyrrole chromophores, the
h-subunits one to four chromophores. Four structurally very
similar classes of phycobiliproteins have been assigned on
the basis of their absorption properties and chromophores:
C-phycocyanin (CPC) and allophycocyanin (APC) carrying
only phycocyanobilin chromophores (PCB) absorbing in the
spectral range >580 nm are present in all PBS. They are
often supplemented by phycoerythrin (PE) or by phycoer-
ythrocyanin (PEC) absorbing at shorter wavelengths. The
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lin, and the latter bear in addition to PCB the photochromic
chromophore, phycoviolobilin (PVB) [1].
The assembly of PBS is a complex process, which is
currently only partly understood. Besides the several
apoproteins which bind the bilin chromophores, it
requires the coordinated action of a series of additional
proteins. Lyases are responsible for chromophore attach-
ment to the apoproteins, and the linker polypeptides are
required for proper assembly of the PBS, their attachment
to the photosynthetic membrane, and for fine-tuning the
photophysical properties of the chromophores for light-
harvesting. This requirement is frequently reflected in
organization of individual biliprotein operons: the genes
coding for the two structural biliprotein subunits (a and
h) are followed by several genes coding for linkers and
lyases [3,4].
Of the four cyanobacterial and red-algal bilin chromo-
phores, phycocyanobilin (PCB) (Fig. 1) and phycoerythro-
bilin (PEB) possess a 3,3V-ethylidene group. They are
synthesized from heme by ring opening at C-5 of the
tetrapyrrole and several reduction steps, and then attached
to the apoproteins by addition of a cystein thiol to the
ethylidene group [5–9]. PCB and PEB can add thiols
spontaneously forming a relatively stable thioether bondFig. 1. Structures of free phycocyanobilin (PCB), of bound 31-Cys-PCB presen
phycoerythrocyanin (PEC), of 31-Cys-phycoviolobilin (31-Cys-PVB) present in th
MBV).[10,11]. However, the regio- and stereo-specifically correct
attachment has been demonstrated only for a single binding
site (Cys-84 of a CpcB [12]), while it is autocatalytic in
another class of biliproteins, the phytochromes [9,13].
Attachment of PCB to Cys-84 of CpcA requires catalysis
by lyases comprised of two subunits [14,15], while the
nonenzymatic additions to these subunits resulted in com-
plex product mixtures [12,16]. Apparently, a major function
of these lyases is not the catalysis of the addition reaction
per se, but rather the control of the products.
The other two chromophores, phycoviolobilin (PVB) and
phycourobilin (PUB), are in nature only known as protein-
bound 3V-thiol adducts. Due to the presence of a D2,3-
double bond, which precludes a second one at D3,3Vin the
putative precursors, their mode of attachment to the apo-
protein also must be different from that of PCB and PEB.
An alternative would be a precursor carrying a 3-vinyl
group; such attachments are known for c-type cytochromes
[17] and the novel N-terminal binding sites of bacterial
phytochromes [18]. For PVB, the chromophore attached to
Cys-a84 of PEC, proper chromophore binding requires a
novel type of isomerizing lyase. It is comprised of two
subunits (PecE/F) which are homologous to the ones adding
PCB to Cys-a84 in CPC, but catalyze at the same time the
isomerization of PCB to PVB [19,20].t in allophycocyanin (APC), C-phycocyanin (CPC) and the h-subunit of
e a-subunit of PEC, and of the non-native 31-Cys-mesobiliverdin (31-Cys-
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phycobiliproteins remained enigmatic. Schluchter and
Glazer [5] have pointed out that the numbers of pairs of
lyase genes found by homology searches for CpcE/F or
PecE/F is insufficient to code for lyases of each specific
bilin binding site. Several possibilities may account, alone
or together, for the attachment of these chromophores.
One is the presence of different types of lyases not
recognized by homology searches starting from the known
Cys-a84 lyases. Another possibility is the autocatalytic
attachment. This reaction appears to be ubiquitous in
another class of biliproteins, the phytochromes [9,13]. In
phycobiliproteins only the autocatalytic PCB addition to
Cys-h84 results in the correct product [12], while that to
Cys-a84 yields a mixture of products dominated by an
oxidized chromophore, and no autocatalytic binding has
been reported for other binding sites including Cys-h155
[14,16,21]. Yet a third possibility is the involvement of
other factors in the attachment. Bile pigments are con-
formationally flexible molecules [22,23], and binding to
the native proteins involves, besides the thiol addition to
the D3,31-double bond, a functionally important [24]
conformational change of the low-energy, cyclic bilin
geometry typical for free bilins [22] to the extended
geometries found in native biliproteins [25–33]. The
conformation of free bilins can be affected by a variety
of environmental factors [22,23,34] including lipids [35].
The unexpected requirement of a detergent, Triton X-100
(TX), in the enzymatic chromophore addition of PVB by
the isomerizing lyase, PecE/F, has now prompted us to
investigate its effect on the nonenzymatic addition of PCB
to CPC and PEC, with a focus on the h-subunits. The
results point to a conformational control of the chromo-
phore brought about by the addition detergents like TX,
which results in a site selection and in an inhibition of the
chromophore addition.2. Materials and methods
2.1. Cloning
The genes cpcA, pecB, cpcB, pecC, and cpcC were
PCR-amplified from Mastigocladus ( =M.) laminosus
PCC 7603. SmaI–XhoI fragments of cpcA, pecB, cpcB,
pecC, and cpcC were cloned first into vector pBluescript
SK(+) (Stratagene), yielding plasmids pBlu-cpcA, pBlu-
pecB, pBlu-cpcB, pBlu-pecC, and pBlu-cpcC, respectively.
Then these genes were subcloned into vector pET30a
(Novagen) using the EcoRV and XhoI restriction sites,
resulting in plasmids pET-cpcA, pET-pecB, pET-cpcB,
pET-pecC, and pET-cpcC. All constructions were verified
by sequencing.
The following PCR primers were used: P1 and P2 for
cpcA; P3 and P4 for pecB; P5 and P6 for cpcB; P7 and P8
for pecC; P9 and P10 for cpcC. All upstream primers have aSmaI site (CCCGGG) and the downstream primers have a
XhoI site (CTCGAG).
P1: 5V TAACCCGGGACACCAATTACTGACGCTA-
TT 3V
P2: 5V GGCCTCGAGTATCTAGCTGAGAGCGTTG-
AT 3V
P3: 5VATACCCGGGATGCTTGATGCTTTTTCCAG 3V
P4: 5VACTCTCGAGCGCCTTTGACTGCATTAAGC 3V
P5: 5V TAACCCGGGGCATACGATGTATTCACCA-
AG 3V
P6: 5V GGCCTCGAGAGTAAAATTTAAGCAACTG-
CAG 3V
P7: 5V ATACCCGGGAGTACATCAGTCGCAGAA-
CG 3V
P8: 5V ACGCTCGAGCTTTTTCTATGAGGCTGGT-
GT 3V
P9: 5VATACCCGGGATGGCGATTACAGCAGCAG 3V
P10: 5V GTCCTCGAGGGTGAAATTTTCTTGCT-
TAGGC 3V
2.2. Site-directed mutagenesis
2.2.1. Mutants of pecB
For mutant pecBC84A the Cys84 codon, TGC, was con-
verted to GCC (Ala), using the mutated primer, 5VTCAC-
CATCGTAACCAAGCAGCTGCCATCC, and plasmid
pET-pecB as PCR template. Two PvuII sites were introduced
by homologous meaningless mutations: the codons for
Arg79, CGC, and Ala82, GCT, were converted to the
codons, CGT, and GCA, respectively coding for the same aa.
To create the mutant pecBC155I TGC coding for
Cys155 was converted to ATC (Ile), using the mutated
primer, 5V GGCATTACCAAAGGTGATATCAGTCAAT-
TAA 3V, and plasmid pET-pecB as PCR template.
2.3. Mutants of cpcB
For mutant cpcBC84S the Cys84 codon, TGC, was
converted to AGC coding for Ser, using the mutated
primer: 5V GGCTGCAAGCTTACGTGACATGGAAAT
3V, and plasmid pET-cpcB as PCR template. To simplify
detection through HindIII, two restriction sites were intro-
duced by conversion of GCT coding for Ala83 to GCA,
and of TTG (Leu85) to TTA.
To create the mutant cpcBC155I, the Cys155 codon,
TGC, was converted to ATC (Ile) using the mutated primer:
5V ACCAAAGGTGATATCAGTGCGTTAATCTCAG, and
plasmid pET-cpcB as PCR template. To simplify detection
through EcoRV, two restriction sites were introduced by the
meaningless mutations GCC>GCG (Ala157) and TTG>
TTA (Leu157).
The cloning plasmids and expression plasmids con-
taining pecBC84A, pecBC155I, cpcBC84S, and cpcBC155I
were constructed, respectively, using the methods de-
scribed above.
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2.4.1. Synthesis of the wild-type proteins and their mutants
E. coli BL21 (DE3) were transformed with the plasmids
pET-cpcA, pET-pecB, pET-cpcB, pET-pecC, pET-cpcC,
pET-pecBC84A, pET-pecBC155I, pET-cpcBC84S, and pET-
cpcBC155I to synthesize CpcA ( = apo-a-CPC), PecB
( = apo-h-PEC), CpcB ( = apo-h-CPC), PecC, CpcC,
PecBC84A, PecBC155I, CpcBC84S, CpcBC155I, respectively.
One-liter cultures of E. coli BL21(DE3) were grown at 37
jC in Luria-Bertani medium containing kanamycin (30 Ag/
ml). At OD600 of 0.5–0.8, isopropyl-h-D-thiogalactopyra-
noside was added (1 mM). After expression for 5 h, cells
were collected by centrifugation and washed twice with
distilled water, and then kept at  20 jC until use. These
apoproteins amounted to approximately 50% of total cell
proteins.
PecA, PecE/F and CpcE/F of M. laminosus were isolated
using the methods described before [36].
2.4.2. Protein isolation
Frozen cells containing CpcA, PecB, CpcB, PecBC84A,
PecBC155I, CpcBC84S and CpcBC155I, respectively, were
resuspended in potassium phosphate buffer (20 mM, pH
7.2, containing 0.5 M NaCl), sonified for 10 min to break
the cells (Branson model 450 W, 45 W), and then centri-
fuged for 15 min at 10,000 g. Approximately 60% of the
apo-biliproteins synthesized were released by this treatment.
The supernatant was kept frozen at  20 jC until use.
For protein isolation, the above supernatant was centri-
fuged for 30 min at 12,000 g to remove any precipitate,
and then loaded directly onto the Ni2 +-chelating affinity
column, which was pre-equilibrated with start buffer (20
mM potassium phosphate, pH 7.2, 0.5 M NaCl). After
washing with 5 column volumes of start buffer to remove
untagged proteins, the tagged protein was eluted with
stripping buffer (20 mM potassium phosphate, pH 7.2,
100 mM EDTA, 0.5 M NaCl). The eluate was dialyzed
three times against potassium phosphate buffer (50 mM,
pH 7.2, containing 0.5 M NaCl) to remove Ni2 + and
EDTA. For PecC and CpcC, which were insufficiently
soluble at pH 7.2, the pH of all buffers was reduced to
6.4.
2.4.3. Pigment
PCB was obtained via refluxing Spirulina platensis
(methanol-washed and then lyophilized) in methanol, and
then purified by chromatography on silica RP8 (ICN) [20].
PCB concentration was determined spectroscopically in
methanol containing HCl (2%), using an extinction coeffi-
cient of e= 37.9 mM 1 cm 1 [37].
2.4.4. Preparation of native chromoproteins
Cells of M. laminosus were sonified and centrifuged to
obtain the supernatant, which contained CPC, PEC, and
APC. CPC was prepared by chromatography on DEAE
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by isoelectric focusing [39,40].
2.5. Reconstitutions
2.5.1. Nonenzymatic addition of PCB to CpcA, CpcB, PecA,
PecB
To the purified solution of one of the apoproteins (80
AM) in Tris–HCl/KPP buffer (16 mM potassium phosphate,
100 mM Tris–HCl, pH 8.0, 166 mM NaCl) was added a
solution of PCB in DMSO (1 mM), so that the final
concentration of DMSO and PCB was 1% and 10 AM,
respectively. If desired, TX (0.1–1%), mercaptoethanol (5
mM), ascorbic acid (10–150 mM) and other proteins (PecE/
F, CpcE/F, or PecC) (see Results and Table 1), were added
before the addition of the chromophore. After incubation in
the dark at 37 jC for 3 h, the mixture was centrifuged for 15
min at 15,000 g to remove any particulate matter, and the
supernatant was purified with Ni2 +-chelating affinity chro-
matography. For spectral analyses, the reconstituted prod-
ucts were stripped with elution buffer (20 mM potassium
phosphate, pH 7.2, 1 M imidazole, 0.5 M NaCl).
2.5.2. Nonenzymatic addition of PCB to mutants of PecB or
CpcB
To crude extracts or purified mutants proteins PecBC84,
PecBC155I, CpcBC84S, CpcBC155I (alone or in combination
with 1% TX, sometimes containing Mg2 +, see Results and
Table 1) in Tris–HCl/KPP buffer (16 mM potassium phos-
phate, 100 mM Tris–HCl, pH 8.0, containing 166 mM
NaCl), or in pure KPP buffer (16 mM potassium phosphate,
pH 7.2, containing 166 mM NaCl), were added a solution of
PCB, to a final concentration of 10 AM. After incubation in
the dark at 37 jC for 3 h, or at ambient temperature
overnight, the mixture was centrifuged, and the supernatant
was purified. The remaining procedures were done as with
the wild-type proteins.
2.5.3. Product analyses
Protein concentrations were determined by the Bradford
assay, calibrated against BSA standards [41].
SDS-PAGE [42] was performed at an acrylamide/bis-
acrylamide ratio of 29:1, and concentrations of 5% and 12%
for the stacking and resolving gels, respectively. The gels
were stained with Coomassie brilliant blue dye for the
proteins. Chromophore-containing peptides were identified,
before the Coomassie staining, by Zn2 +-induced fluores-
cence [43]. The SDS-PAGE gels were soaked in 1 M Zn-
acetate solution for 1 h and then UV-light-induced fluores-
cence observed or photographed.
Spectra were recorded by absorption (Perkin-Elmer,
Lambda 25), fluorescence (Hitachi F-2000) and circular
dichroism (CD) (ISA, Jobin Yvon, Dichrograph VI) spec-
trophotometer. To detect PVB-a-PEC, a fiber optic cold-
light source (Volpi, 150 W) was used, equipped with
interference filters (15-nm fwhm). Spectra showing revers-
Table 1
Reconstitution of native and mutated h-subunit proteins of C-phycocyanin (CpcB) and phycoerythrocyanin (PecB) in the presence of the detergent, Triton X-
100 (TX), and of other proteins coded by the cpc or pec operons
Apoprotein Product: kmax [nm]
a Components in reconstitution assay
f 640 f 600 f 400 TX CpcC CpcE CpcF PecC PecE PecF
CpcB + ++    F F F   
+ + +  + F     
+ + +  +  + +   
+ + + +  + + + +   
+ + + +  +     + +
CpcBC84S  + + +  F    F F
 + +  +      
 + +  + + + +   
 + +  +     + +
CpcBC155I + + +         
+ +  + +  F F   
PecB + ++     F F F F F
+ +  +      
+ +  +     + +
+ + +  +    +  
+ + +  +  + +  
PecBC84A  + + +   F F F  
 + +  +    F  
 + +  +  + +   
 + +  +     + +
PecBC155I + + +         
+ +   +    F  
The intensities of the absorption maxima at f 400, f 600 and f 640 nm are indicated semi-quantitatively by the number of ‘ + ’ signs. A ‘F ’ sign under
the components indicates that the presence or absence of the respective component has no effect on the reconstitution.
a Approximate position of maxima, see text for details.
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saturating irradiation with 500- and 570-nm light [40].3. Results
3.1. Overexpression and purification of proteins
On account of the plasmids used in this study, all proteins
obtained from overexpression in E. coli carry an N-terminal
extension containing a His- and S-tag, as well as two
protease sites for thrombin and enterokinase. The His-tag
was used to simplify purification via metal affinity chroma-
tography. From the reported phycobiliprotein reconstitu-
tions, there was no evidence for any interference of these
N-terminal extensions on the chromophore addition or the
spectral properties of the chromophorylated proteins, while
the solubilities and reactivities of the tagged proteins were
generally better than those of the respective untagged ones
[20]. The proteins synthesized in E. coli are mostly depos-
ited in inclusion bodies, but can be readily solubilized by
sonification. This method results in superior activities over
the treatment with urea and/or detergents.
3.2. Reconstitution of PecB and its mutants with PCB
Incubation of purified PecB with PCB resulted in an
absorption increase at 634 nm and the induction of a redfluorescence emission (kmax = 648 nm) (Fig. 2). Covalent
binding of the chromophore was confirmed via Zn2 +
fluorescence of the respective band on SDS-PAGE gel
(Fig. 3) according to Berkelman and Lagarias [43]. The
spectral properties of the product are different from those of
native h-PEC [44]. Since absorptions of phycobiliproteins
can be considerably modified by noncovalent interactions
between chromophores and apoproteins [24], the product
was investigated under conditions where the chromophore is
uncoupled from the protein by denaturation in acidic urea.
Under these conditions, the absorption maximum at 663–
664 nm is practically identical to that of denatured CPC,
suggesting that the chromophores bound to PecB were still
PCB adducts attached at C-31 to a cystein of the protein.
Oxidation to mesobiliverdin (MBV) would result in consid-
erably red-shifted products (see below).
When 1% TX was added into the incubation mixture
under otherwise identical conditions, there was a new
absorption around 600 nm, overlapping with the one at
634 nm produced in the absence of detergent (Fig. 2c and
d). Both the absorption and emission peak at shorter wave-
lengths than those of h-PEC; they correspond well, howev-
er, to those of the PCB-Cys155 chromophore of native h-
PEC [44,45]. Likewise, the excitation maximum of the
fluorescence emission shown in Fig. 2c peaks at 596 nm,
corresponding to a PCB attached to Cys-h155.
There was no effect on the product spectrum when Mg2 +
(5 mM) and/or h-mercaptoethanol (5 mM) was added to the
Fig. 2. Spontaneous addition of PCB to PecB in the absence (a, b) and presence (c, d, e, f) of TX, and of PecC (e, f). (a) Absorption spectrum of purified
product reconstituted in the absence of TX, before (—) and after (- - - -) denaturation by urea (8 M, pH 2.0); (b) fluorescence emission spectrum of purified
product reconstituted in the absence of TX (excitation at 580 nm); (c) absorption spectrum of purified product reconstituted in the presence of TX (1%)
before (—) and after (- - - -) denaturation by urea (8 M, pH 2.0); (d) fluorescence emission spectrum of purified product reconstituted in the presence of TX
(1%) (excitation at 580 nm); (e) absorption spectra of purified products reconstituted in the presence of PecC (—), and in the presence of 1% TX and PecC
(- - - -); (f) fluorescence emission spectra (excitation at 580 nm) of purified products reconstituted in the presence of PecC (—), and in the presence of 1%
TX and PecC (- - - -). (For color see online version).
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reconstitution was also unchanged when the pH varied
between 6 and 9 (not shown). When PecC was added to
the incubation mixture, the ratio between the 596- and the
634-nm absorptions was increased, but only if TX was
present as well (Fig. 2e and f). The a84-lyase PecE/F,
known to catalyze the addition of PCB to PecA-C84 and
its isomerization, had no effect on the addition reaction of
PCB to PecB. However, CpcE/F which catalyze ligation of
PCB to Cys84 of another biliprotein, CpcA, had a similareffect as PecC. Again, however, this increased absorption at
596 nm occurred only if TX was present as well (Table 1).
We therefore conclude that TX exerts a dominating influ-
ence on the reconstitution, while the other effectors only
modulate this nonenzymic reaction, possibly by interaction
with the substrate apoprotein, PecB. All preceding reactions
could also be carried out with the crude extracts of the
overexpressing E. coli at similarly good yields.
The absorption and, in particular, the fluorescence of the
chromophorylation products obtained in the presence of TX
Fig. 3. SDS-PAGE of purified reconstituted products stained for the
chromophore with Zn-acetate (top) and for protein with Coomassie blue
(bottom). The gel was first photographed under ultraviolet light (fluores-
cence, top), and subsequently stained with Coomassie blue (bottom). Sample
loads: lane 1, PecB; lane 2, CpcB; lane M, protein marker; lane 3,
reconstituted product of PCB with PecB; lane 4, reconstituted product of
PCB with PecBC84A; lane 5, reconstituted product of PCB with CpcB; lane
6, reconstituted product of PCB with CpcBC84S.
K.-H. Zhao et al. / Biochimica et Biophysica Acta 1657 (2004) 131–145 137indicate that the reconstitution product of PCB with PecB
was not integral h-PEC carrying PCB at its two chromo-
phore binding sites. It rather resembled a h-PEC which is
only, or at least predominantly, chromophorylated at Cys-
h155. To verify this conclusion, the mutants PecBC84A and
PecBC155I were constructed by site-directed mutagenesis, in
which one or the other binding site was removed.
The spontaneous reaction of PecBC84A with PCB in
Tris–HCl/KPP buffer (16 mM potassium phosphate, 100
mM Tris–HCl, pH 8.0, containing 166 mM NaCl) without
any other addition, resulted in a broad peak around 400 nm.
This product is stable during chromatography on a Ni2 +-
column. The broad absorption at 400 nm disappeared when
1% TX was added into the reconstitution mixture (Fig. 4).
The resulting spectra (absorption at 580 nm and fluores-
cence at 618 nm) were again similar to the spectrum of
PCB-C155 of native h-PEC. Similar products were ob-
served at 25 and 37 jC, and for reconstitutions in KPPFig. 4. (a) Spontaneous addition of PCB to purified PecBC84A. (a) Absorption o
incubation at 37 jC for 3 h (—), or overnight at 25 jC (- - - -). (b) Absorption of
buffer in the presence of 1% TX, after incubation at 37 jC for 3 h (- - - -), or ovbuffer devoid of Tris–HCl. All reactions could also be
carried out with the crude E. coli extracts of the mutant
protein.
The spontaneous reconstitution of PCB to PecBC155I
resulted in a product with an absorption at 635 nm and an
emission maximum at 653 nm. The product corresponds to
the one formed with PecB in the absence of TX, if judged
from its absorption and fluorescence spectra, but the yield
was strongly reduced to f 20% in the presence of TX. We
therefore conclude that chromophore addition to Cys-h84 is
slowed down by the presence of TX, but results otherwise in
a covalently bound PCB chromophore with nonnative
absorption at 634 and fluorescence at 653 nm. By contrast,
addition to Cys-h155 requires the presence of TX, and leads
to the ‘‘correct’’ ligation product.
3.3. Reconstitution of CpcB and its mutants
Reconstitution of CpcB, which is homologous to PecB
and binds the same chromophore, PCB, gave principally the
same results. Incubation with PCB in the absence of TX
resulted again in a product with a covalently bound chro-
mophore (Fig. 3) with an absorption maximum at 640 nm
and fluorescence at 652 nm. Like with PecB, these maxima
of the native protein are at considerably longer wavelengths
than those of native h-CPC and either of the individual
chromophores [46,47], while the absorption of the dena-
tured chromoprotein at 663–666 nm indicated that thiolated
PCB was bound to CpcB, and the Zn2 +-induced fluores-
cence of the SDS-PAGE proved a covalent attachment of
this chromophore (Fig. 3).
When 1% TX was added into the reaction mixture under
otherwise identical conditions, there appeared again a new
product as indicated by a shoulder around 600 nm in
absorption, and at 618 nm in fluorescence (Fig. 5); spectral
data which are very similar to those reported for chromo-
phore PCB-Cys155 in native h-CPC [46, 47]. Neither 5 mM
Mg2 + nor 5 mM h-mercaptoethanol affected significantly
the spontaneous addition of PCB to CpcB, nor pH variation
from 6.0 to 9.0. When PecE/F, CpcE/F, or CpcC was tested
in the reconstitution of CpcB with PCB, only the heterol-f product formed in Tris–HCl/KPP buffer in the absence of 1% TX after
spontaneous adduct of PCB to purified PecBC84A formed in Tris–HCl/KPP
ernight at 25 jC (—).
Fig. 5. Purified adduct of PCB with CpcB formed in the presence of 1% TX. (a) Absorption spectrum of adduct before (—) and after (- - - -) denaturation by
urea (8 M, pH 2.0); (b) fluorescence emission spectrum of purified adduct (excitation at 580 nm).
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the absorption of the reconstituted product at 595 nm
increased relative to that at 638 nm, and only in the presence
of 1% TX. A similar enhancement was produced by the
homologous lyase, CpcE/F, only if it was added together
with the rod linker, CpcC. In both cases, this effect required
the presence of TX (Table 1, Fig. 6).
In summary, this reaction, too, required the presence of
TX for any product formation with an absorption at
kmaxc 595 nm and a fluorescence at kmaxc 618 nm. The
spectral data are indicative that this absorption corresponded
to PCB bound to Cys–h155, which was verified with
mutants CpcBC84S and CpcBC155I in which either of the
two chromophore–binding cysteins was removed. The
chromophore additions of these constructs were carried
out with the crude extracts of the overexpressing E. coli.
The mutant protein CpcBC155I with only the Cys–h84
binding site intact resulted in products absorbing at kmax =
641 nm and fluorescing at kmax = 653 nm, similar to the
product of wt CpcB. The chromophore was bound cova-
lently (Fig. 3) and identified as PCB-Cys adduct according
to its absorption (kmax = 663–664 nm) in the denatured
state. This product was formed irrespective of the presence
or absence of TX, but the detergent decreased the yield to
about 20%.
Conversely, the spontaneous reconstitution reaction of
PCB to CpcBC84S, with only the Cys-h155 binding siteFig. 6. Absorption spectrum of purified reconstitution product of PCB with
CpcB, formed in the presence of PecE/F and 1% TX (—), and in the
presence of CpcE/F, CpcC and 1% TX (- - - -).intact, resulted in an absorption around 587–593 nm and the
induction of fluorescence around 617 nm. This spectral data
are those characteristic for a chromophore bound to Cys-
h155 of the native CPC h-subunit [47, 48]. They red-shifted
as compared to the addition product to PecBC84A, reflecting
the slightly different protein environment of this binding site
in PEC and CPC. The absorption of the denatured chromo-
protein and the Zn2 +-induced fluorescence of the protein
band on SDS-PAGE (Fig. 3) showed that the chromophore
was bound covalently to CpcBC84S as Cys adduct of PCB.
In this case, there was no prominent intermediate absorbing
around 400 nm. The yield of this reaction was increased at
25 jC as compared to 37 jC (Fig. 7).
Remarkably, the addition of PCB to Cys-h155 of CpcB
was affected also by gene products generally associated with
chromophorylation of the respective complementary a-sub-
unit, and with the organization of another biliprotein, PEC.
In view of these unexpected ‘‘cross reactivities’’, we also
reinvestigated the spontaneous chromophore addition of
PCB to the a-subunit proteins, PecA or CpcA.
3.4. Spontaneous addition of PCB to PecA
In the absence or presence of 1% TX, the products of
spontaneous addition of PCB to PecA had the absorption
maxima at 640 and 632 nm, and emission maxima at 651
and 645 nm, respectively. The chromophore was in both
cases covalently bound PCB, as shown by the absorption
maximum at 663–664 nm after denaturation in acidic urea.
The fluorescence excitation peaked at 642 and 637 nm,
respectively, which is shifted slightly to the red as compared
to the absorption maxima (supplementary data Fig. 1). The
emission spectra were independent of the excitation wave-
length, indicating that fluorescence arises only from a single
component.
3.5. Spontaneous addition of PCB to CpcA
The spontaneous addition of PCB to CpcA resulted, by
contrast, in a mixture of (at least) two products absorbing
at 643 and 618 nm. Incubation of CpcA under standard
conditions with PCB resulted mainly in an absorption at
Fig. 7. Absorption spectra of (a) spontaneous adduct of PCB with purified CpcBC84S in the KPP buffer, after incubation at 25 jC over night (—), or at 37 jC
for 3h (- - - -) in the absence of 1% TX; (b) spontaneous adduct of PCB with purified CpcBC84S in the KPP buffer in the presence of 1% TX, after incubation at
25 jC overnight (—), or 37 jC for 3 h (- - - -).
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The fluorescence is lost, and the absorption shifted to
f 690 nm upon denaturation with acidic urea. These
results are similar to those obtained by Arciero et al.
[12] with CpcA from Synechococcus PCC7002, who
identified it as containing a mixture of chromophores,
comprising mainly MBV-bound to Cys-a84. MBV is
formally a dehydrogenation product of PCB (Fig. 1). In
line with Arciero et al. [12], we found no effect of h-
mercaptoethanol (0–5 mM) or gassing with nitrogen on
the reaction. However, another reductant, viz. ascorbic acid
(10–150 mM), reduced the amount of MBV adduct in
favor of the PCB adduct. While the absorption maximum
was still at 643 nm, distinct absorption differences became
obvious after denaturation with acidic urea (8 M) in the
dark: in the broad absorption band (around 660–690 nm),
the absorption at 660 nm increased at the expense of that
at 690 nm, with increasing concentrations of ascorbic acid
(supplementary data Fig. 2).
Unlike with PecA, the chromophore addition to CpcA
is therefore accompanied by an oxidation of PCB to
MBV which can only partly be inhibited by antioxidants
or the exclusion of oxygen by gassing with N2. Unex-
pectedly, this oxidation of PCB to MBV could be
quantitatively inhibited by an additive not generally
associated with antioxidant activity, viz. the detergentTable 2
Absorption maxima and relative yield of two types of chromoproteins
absorbing at 643 and 618 nm formed by spontaneous addition of PCB to
CpcA, depending on the concentration of TX
TX (%) Absorption Components
kmax [nm] 643 nm 618 nm
0.1 637 25 75
0.2 632 33 67
0.5 630 40 60
1.0 630 40 60
2.0 631 35 65
Other components in the reconstitution system were CpcA (0.5 mg/ml),
PCB (10 AM), mercaptoethanol (5 mM), Mg2 + (5 mM).TX. If increasing amounts of TX (0.1–1.0%) were added
to the reconstitution mixture of PCB to CpcA, the
absorption maximum of the product was blue-shifted to
630 nm, and then slightly red-shifted again to 631 nm
when the concentration of TX was increased to 2.0%
(Table 2). The product was still heterogeneous: judged
from the fluorescence excitation spectra; it contained two
components absorbing at 618 and 643 nm. However, a
PCB adduct was identified as the chromophore of both
spectral forms, by an absorption maximum at 663–664
nm upon denaturation. Hence, both components of the
non-denatured product are adducts of PCB. Of the two,
the component absorbing at 618 nm and emitting at 636
nm is similar to native a-CPC; the second possibly
differs from it in the chromophore conformation and/or
configuration.
In order to distinguish between these two possibilities,
the product was first denatured by the addition of urea (8
M) at pH 7, and then renatured again by dialysis to
remove the urea. This denaturation–renaturation is fully
reversible with CPC and most other biliproteins, and
expected to relieve any conformational block encountered
during addition to the native protein. However, the
heterogeneity persisted after urea treatment and renatur-
ation, and we therefore conclude that its origin relates to
different chromophore configurations (supplementary data
Fig. 3).
3.6. Influence of detergent on free chromophores and on
apoproteins
The site selective influence of the detergent, TX, on the
reconstitution of both PecB and CpcB with PCB, and its
antioxidant activity in the reconstitution of CpcB with this
chromophore, prompted us to investigate the effect of deter-
gent on the components present in the system, viz. the
apoprotein, the free chromophore and the chromoprotein. In
those experiments where spectroscopy in the far-UV was
performed, the TX was replaced by reduced Triton X-100
(rTX) containing a cyclohexyl instead of the phenyl ring, or
Fig. 8. Influence of the detergent, reduced Triton X-100 (rTX) on the far-
UV circular dichroism of the h-subunit apoproteins, PecB and CpcB.
Fig. 9. Effect of TX on absorption spectra of the native a-subunit (top) and
h-subunit (bottom) of CPC.
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its strong UVabsorption at k < 300 nm, while the reconstitu-
tion was as fast as or sometimes even faster than with TX used
routinely in preparative work.
In the absence of detergent, PecB has two CD bands of
nearly the same intensity at 208 and 222 nm (Fig. 8),
reflecting the high degree of a-helical secondary structure
[29]. Addition of TX results in a decrease of the 222-nm
band, while that at 208 nm remains unaffected within the
limits of error. The decrease saturates at 1% rTX, and there
is an indication that the 222-nm band increases again
slightly if the concentration is increased to 2%. This effect,
while barely visible in Fig. 8, has been reproduced in
repetitive titration experiments, and has also been seen with
other apoproteins like, e.g. CpcB (see below).
The CD of untreated CpcB has also the two bands
characteristic for a high a-helix content, but here the 222-
nm band is slightly less intense than that at 208 nm. Both
bands decrease upon addition of 1% rTX by f 18%, which
is largely recovered after increasing its concentration to 2%
(Fig. 8). These data indicate some change in the secondary
structure, but no major conformational change of the two
apoproteins. There was likewise only little influence of TX
on the spectra of the native chromoproteins. In this case, the
chromophore can as well be used to monitor the interaction,as exemplified for the isolated subunits of CPC in Fig. 9: the
a-subunit shows practically no change in absorption when it
is treated with 1% TX. The h-subunit shows a slight
broadening of both the near-UV and the VIS bands, while
the intensity ratio remains unchanged. The most pronounced
change is a red-shift of the VIS band by 10 nm. Shifts of this
magnitude, and even larger ones, are not uncommon in
native biliproteins, e.g. upon aggregation or the interaction
with linkers. In the single case where comparative X-ray
structures are known, viz. for an allophycocyanin with and
without linker, the conformations of both the protein and the
chromophore are largely maintained [49].
Treatment of the free chromophore, PCB, with TX (or
rTX) resulted, by contrast, in much more pronounced
changes (Fig. 10). The VIS absorption maximum shifted
to the blue by 30 nm, that in the UV red-shifted by 7 nm,
and both increased in intensity by f 20%. The changes in
the CD and fluorescence are even more remarkable. While
free PCB is practically nonfluorescent in the absence of TX,
there is a distinct two-banded emission induced by its
addition, with the fluorescence yield reaching 1% in the
presence of 1% of the detergent. In the CD spectrum, the
intensity of the UV-band increases nearly threefold, that of
the VIS band doubles and changes its sign. The resulting
spectra were stable over several days, indicating that they
Fig. 10. Influence of the detergent, Triton X-100 (TX), on the absorption
(top), emission (kexc = 520 nm, center) and circular dichroism spectra
(bottom) of the free chromophore, phycocyanobilin (PCB). Pigments were
dissolved in water containing DMSO (1%) (—), and subsequently titrated
with 0.1% (– – – ), 0.25% () and 1% Triton X-100 (- - - -).
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another detergent, viz. lauryl-dimethyl-aminoxide (LDAO).
However, the solutions were unstable in this case, and the
pigments bleached within 48 h at ambient temperature in the
dark. LDAO is a weak oxidant, and the chromophore
susceptible to oxidation [50]. We therefore presume that
the latter is oxidized by the former, but have not investigated
the process in detail. The studies therefore focused on TX
and related detergents, which also proved most effective in
the reconstitutions. The effects induced by TX on the free
chromophore saturated at 1%, i.e. the concentration which
was optimum not only for the nonenzymatic reconstitutions
of the h-subunit described above, but also for the enzyme-
catalyzed ones of the a-subunit [20,36].
Distinct spectral changes were also observed with other
phycobilin chromophores. Treatment of phycoerythrobilin
(PEB) resulted, e.g. in a blue-shift of the VIS absorption, an
induction of fluorescence, reduced CD intensity, pointing
again to conformational changes (not shown). It is likely
that the chromophores orient in the amphiphilic environ-
ment of the detergent micelles. With the two propionic acidside chains at C-8 and C-12 being the most polar regions of
the molecule, we investigated the behavior of the dimethy-
lester upon treatment with TX (supplementary data Fig. 4).
The spectral changes were considerably less pronounced
than with the free acids in the visible spectral range,
somewhat in the reverse direction, and there was a distinct
red-shift in the near UV.4. Discussion
4.1. Reconstitution of CpcB, PecB and mutants at binding
cysteins
CPC and PEC contain three chromophore binding sites,
of which only the attachments of PCB to Cys-a84 of CpcA
and PVB to Cys-a84 of PecA have been studied in detail.
Both are catalyzed by site-specific lyases. The phycocya-
nobilin phycocyanin-a84-cystein-lyase, attaching PCB to
the a-subunit of CpcA, has been characterized by Glazer’s
laboratory [14,15] in Synechococcus PCC7002. It is com-
prised of the two subunits, CpcE and CpcF. Genes coding
for similar proteins are found in other cyanobacteria [51–
53], usually in sequence within the cpc operon. The second
enzyme is the phycoviolobilin phycoerythrocyanin-a84-
cystein-lyase (isomerizing) attaching PCB to the a-subunit
of PEC and isomerizing it to PVB, which has been studied
in M. laminosus (Fischerella PCC7603) [36] and Anabaena
PCC7120 [Zhao et al., unpublished]. In addition to the
selective addition of the chromophore, it carries an isomer-
ase activity. The latter activity has not yet been identified
with a certain motif, and both the isomerizing and the
classical lyases are similar: they are comprised of pairs of
mutually homologous subunits (PecE/F and CpcE/F, respec-
tively) which are located at the respective postions in the
pec and cpc operons. The PEC operon of M. laminosus is
organized similarly as that of another PEC-containing spe-
cies, Anabaena PCC7120, whose genome has been se-
quenced. While genes coding for homologous lyases are
also found in other cyanobacteria, sometimes outside the
respective operons, there is no indication of additional
lyases of this type which might catalyze the attachment of
the two PBC-chromophores to Cys-h84 and -h155 of the h-
subunits, CpcB and PecB. These chromophores must there-
fore be ligated by different enzymes, or somehow be
attached autocatalytically like in the case of the phyto-
chrome chromophores. The present study was carried out
to investigate the second possibility.
The most striking result is the effect of detergents, in
particular TX and related non-ionic ones, on the course of
the reaction. In the absence of the detergent, there is an
autocatalytic addition of PCB to Cys-h84, as indicated by
the absorption spectra and proven by the formation of the
same products if the cystein at second binding site, h-155,
was removed by site-directed mutagenesis. In spite of being
bound covalently, and the absence of oxidation products of
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inhibit such oxidations by the addition of ascorbic acid
(CpcA), the absorption and fluorescence of these chromo-
phorylation products were distinctly different from the
spectra of the respective chromophores in isolated h-CPC
[47,48] or h-PEC [44,45], indicating that the conformation
of the PCB reconstituted autocatalytically to Cys-h84
in CpcB and PecB, was different from that in the native
subunits, h-CPC and h-PEC.
If TX was present during the reconstitutions, the addition
of PCB to h-84 was inhibited, and now the addition at the
second site to Cys-h155 was favored, as proven rigorously
by additional experiments with the respective apoproteins in
which Cys-84 of the second binding site had been removed
by site-directed mutagenesis. In this case, the absorption
and fluorescence of the reconstituted products were similar
to those of native chromophores obtained by spectral
decomposition of h-CPC and h-PEC, up to the faithful
reproduction of the slight blue shift of the latter as com-
pared to the former [44,45,47,48,54,55]. We therefore
conclude that (i) autocatalytic addition of PCB is also
possible for the hitherto inaccessible binding site at Cys-
h155, both with CPC and PEC, if TX or similar detergents
are present in the reconstitution mixtures, and that (ii) this
addition results in the proper chromophore configuration
and conformation.
We emphasize that the reactions can be further modified
by changing the reaction conditions and/or adding other
components to the reconstitution system. Examples are an
increased yield of the spontaneous adduct of PCB to
PecBC84A when the temperature was lowered from 37 to
25 jC, or when the a-subunit lyase was present. However,
in all cases the decisive influence allowing for the addition
to Cys-h155 came from the presence of the detergent. This
requirement would also explain why in previous studies of
the spontaneous addition of PCB to CpcB carried out in the
absence of TX, hardly any absorption was found which
could be ascribed to PCB-Cys-155 [12]. While these find-
ings do not exclude that still unknown lyases participate in
vivo in the addition of PCB to Cys-h155, they clearly
demonstrate that in mildly amphiphilic environments, which
are conceivable also for the in vivo situation, this reaction
may proceed autocatalytically.
Both the free chromophore, PCB, and the apoproteins
(CpcB, PecB) were affected by detergent like TX (Figs. 8–
10). However, the changes were much more pronounced for
the chromophore than for the apoproteins. This does not
exclude the possibility that decisive local conformational
changes of the apoproteins are responsible for the surprising
change in site selectivity and reactivity. We presently favor,
however, that it is largely attributable to the conformational
change of the chromophore, for the following reasons: (i)
The effect of TX on the chromophorylation is similar for the
two proteins, PecB and CpcB, in spite of somewhat different
changes in the CD spectra of the proteins upon treatment
with the detergent. (ii) The effect involves two sites whichare spatially fairly distant from each other [28,29,32,56].
(iii) The conformational flexibility of bilin chromophores
has been well documented [22–24,57], including an effect
of lipids [34,35]. (iv) Conformation is known to influence
the reactivity of bilin chromophores [22,58], which is also
seen in this work by the pronounced inhibition of autoxi-
dation in the presence of TX (see below). (v) The native
conformation of the h-155 chromophore is distinctly differ-
ent from that of the h-84 chromophore, and (vi) C-31,
linking the chromophore to the protein, has opposite ste-
reochemistry for the two sites [28,29,32,56], thus requiring
a different ‘approach’ of the ring A-region of the chromo-
phore to the respective cysteins. (vii) Quantitatively, the
energetics of bilins conformers can differ by several tens of
kilojoules per mole [22,59,60]. In fact, the native extended
conformation is considerably higher in energy than the
‘closed’ one typical for free bilins of the biliverdin type,
which has been related to the relatively small folding energy
of biliproteins [24]. It is therefore well conceivable that any
process that changes the conformation of the chromophore
prior to binding can affect the latter. Based on the sum of
this evidence, we suggest that the conformational control of
the chromophore is the likely cause for the changed reac-
tivity in the addition reaction. In view of the ligation
mechanism in the various biliproteins and binding sites,
more work is certainly required to prove this hypothesis
conclusively.
We also note the formation of a product with a broad
absorption around 400 nm, when PecBC84A is treated with
PCB in the absence of TX, which is reduced when 1% TX
was added. Absorptions in this range are typical for bili-
rubins [22], which can be formed by reduction, but also by
addition of thiols to the central methine bridge [61]. Indi-
cations for an intermediate of this type have previously been
reported for the chromophorylation of Cys-aPEC, catalyzed
by PecE/F [36].
4.2. Reconstitution of CpcA
The importance of the reaction environment to the
spontaneous addition of bilins to biliproteins, possibly again
due to conformational changes of the chromophore, is
further underlined by the effects of TX on the nonenzymatic
addition of PCB to the a-subunit proteins, CpcA and PecA.
This reaction had been investigated in detail by Glazer’s
group (see, e.g. Ref. [14]) with the CpcA from Synecho-
coccus PCC7002. While the lyase-catalyzed reaction of
CpcA with PCB resulted in high yield in the formation of
PCB bound with the correct conformation and configuration
to CpcA, the spontaneous addition product was mainly the
oxidation product, mesobiliverdin (MBV), bound to the
protein. No such oxidation was observed in the spontaneous
addition of PCB to PecA [20]. While the proteins are
largely homologous, they differ at the a84 site, which in
its native form carries PVB instead of PCB. When com-
paring the reaction conditions used in the spontaneous
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also differ in the absence (CpcA) and presence (PecA) of
the detergent, TX, in the reconstitution mixture, which
prompted us to reinvestigate the spontaneous reconstitution
of CpcA.
The results point again to the pronounced effect of TX on
the reactivity of bilins, indicating that besides (or by)
conformation, it can also adjust the redox chemistry of
PCB. In agreement with the results of Arciero et al. [12]
on CpcA from Synechococcus PCC7002, the spontaneous
addition of PCB to CpcA from M. laminosus PCC7603
yields the oxidized chromophore, MBV, attached to Cys-
a84, unless TX is present in the reconstitution mixture.
Even the addition of reductants could not (h-mercaptoetha-
nol) or only partially (ascorbic acid) inhibit this oxidation.
By contrast, no MBV-CpcAwas produced In the presence of
TX; and the reconstituted product contained only PCB as
the chromophore, if judged from the absorption of the
denatured product. In view of the fact that the action of
TX could only partially be replaced by ascorbate, which has
no effect on the conformation of PCB, we also ascribe the
protection of PCB from oxidation by TX predominantly to
the conformation imposed on PCB. Still, even this protec-
tion was insufficient to promote the correct attachment of
the chromophore: two forms of PCB-CpcA were formed.
One absorbs at 618 nm, which is similar to the absorption of
native a-CPC which has the 2R, 3R, 31R-configuration of
the PCB chromophore [56]. The other form absorbs at 643
nm, which is at a similar wavelength as the (single) addition
product of PCB to CpcB in the absence of TX or any
antioxidant.
The results presented here offer the intriguing possibility
that factors other than proteins may play a decisive role in
the chromophore attachment to phycobiliproteins. At least
for one chromophore binding site, h155 of both CPC and
PEC, it has thereby been possible for the first time to obtain
covalent and apparently correct binding, and some side
reactions have been prevented in other addition reactions.
The observation of proper attachment and even isomeriza-
tion of chromophores [62], albeit in small yields, further-
more strengthens the notion that at least part of the lyase
function may relate to a similar control, which assists the
autocatalytic capacities of the apoproteins. The results
furthermore lend indirect support to the possibility that the
known lyases may act as chaperons [5], by controlling
chromophore conformation.Acknowledgements
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